INTRODUCTION
rAAVrh74.MCK.GALGT2 is a muscle-specific gene therapy designed to overexpress the human GALGT2 transgene (also called B4GALNT2) in heart and skeletal muscle, where it acts as a b1,4 N-acetylgalactosaminyltransferase to glycosylate a dystroglycan. [1] [2] [3] [4] [5] [6] [7] [8] [9] In adult skeletal muscle, expression of GALGT2 is confined to the neuromuscular and myotendinous junction, and its expression is also very low in the heart. [10] [11] [12] The confinement of GALGT2 to specialized subdomains of the skeletal myofiber, which contains hundreds of nuclei, is similar to that of other synaptic dystroglycan-binding proteins, including utrophin, plectin 1f, laminin a4, laminin a5, and agrin. [13] [14] [15] [16] [17] [18] When overexpressed in skeletal muscle, GALGT2
induces glycosylation of a dystroglycan and increases the ectopic expression of its normally synaptic binding partners, many of which can inhibit the development of muscular dystrophy when overexpressed. 1, 12, 19, 20 GALGT2 overexpression, including that induced by rAAVrh74.MCK.GALGT2, has been shown to inhibit the development of disease in four different forms of muscular dystrophy: the mdx mouse model of Duchenne muscular dystrophy (DMD), 1, 3, 5, 9 the dy W mouse model of congenital muscular dystrophy 1A (MDC1A), 2 the Sgca À/À mouse model of limb girdle muscular dystrophy 2D (LGMD2D), 4 and the FKRP P448L mouse model of limb girdle muscular dystrophy 2I (LGMD2I).
7 GALGT2 overexpression can prevent eccentric contraction-induced muscle damage not only in dystrophic mdx mouse muscles but also in wild-type mouse skeletal muscles, where it can induce therapeutic protein overexpression as well. 5, 20 We have also recently shown that GALGT2 overexpression in mdx mouse heart can prevent the loss of cardiac function as the mice age. 9 Such data have encouraged the development of a pre-clinical, and now a clinical, program to use rAAVrh74.MCK.GALGT2 to treat patients with DMD and other forms of muscular dystrophy.
Pre-clinical efficacy, biodistribution, and toxicity studies, including investigational new drug (IND)-enabling good laboratory practice (GLP)-compliant studies, have been done to support clinical trials of rAAVrh74.MCK.GALGT2 using intramuscular (IM) injection and using intra-arterial delivery with an isolated limb infusion (ILI) protocol. 5, 8 These are logical steps to demonstrate safety prior to a firstin-human gene therapy trial using systemic intravenous (i.v.) delivery. Here, we have performed pre-clinical studies that support i.v. delivery of rAAVrh74.MCK.GALGT2 to all skeletal muscles and the heart. These studies include dose-response studies to demonstrate muscle cell glycosylation and adeno-associated virus (AAV) biodistribution, and toxicity studies at very high doses to demonstrate safety. While clinical ILI studies at lower doses in isolated limbs are ongoing (NCT: 03333590), the studies presented here are the first to test the much higher doses required for systemic i.v. delivery of GALGT2 to all muscle tissues. Such studies are needed to support an amendment to the IND to allow for higher dose systemic i.v. delivery.
RESULTS

GALGT2 Overexpression Induces Glycosylation of Skeletal and Cardiac Muscles in Response to Different Intravenous Doses of rAAVrh74.MCK.GALGT2
We treated young adult (8-week-old) male C57BL/6J wild-type mice with rAAVrh74.MCK.GALGT2 by injecting doses intravenously (i.v.) in the tail vein. Only male mice were used in all of our studies, as these studies pertain to the use of GALGT2 gene therapy in patients with DMD, an X-linked disease occurring almost entirely in boys. 21, 22 To determine the dose of AAV used, we compared AAV titers using a linear and a supercoiled DNA standard, finding that titers with the linear standard were, on average, 2.8 times lower than the titers calculated using the supercoiled standard. For this study, we used the linear standard to calculate dose and injected the mice with 4. 15 vg/kg using a supercoiled standard, which was the supercoiled standard dose we used in a previous study to demonstrate the prevention of loss of cardiac function in mdx mice. 9 Mice were analyzed for cytotoxic T cell (CT) glycan expression at 1 and 3 months post-treatment using Wisteria floribunda agglutinin (WFA) lectin staining to identify the terminal b1,4GalNAc linkage made by GALGT2. Laminin a2 co-staining was done to mark the extracellular matrix (ECM) surrounding each skeletal myofiber. 2 mice per group were used for this assessment to limit animal use, as the experiment involved 5 different doses and two different time points.
We analyzed frozen sections from heart and from various skeletal muscles, including trapezius, intercostal, triceps brachii, biceps brachii, diaphragm, gluteus maximus, quadriceps femoris, gastrocnemius, and tibialis anterior. For muscles with distinct segments (e.g., medial and lateral heads of the gastrocnemius), we analyzed all regions together. Examples of muscle sections stained at different doses are shown for heart (Figure 1 ), diaphragm (Figure 2) , and tibialis anterior ( Figure S1 ). Examples of staining for diaphragm, biceps brachii, tibialis anterior, gastrocnemius, gluteus maximus, and intercostal muscles at the dose of 4.3 Â 10 14 vg/kg are shown in Figure 3 . At 1 month post-treatment with 4.3 Â 10 14 vg/kg rAAVrh74.MCK. GALGT2, WFA stained high numbers of myofibers in certain regions of all heart and skeletal muscles. We next quantified the percentage of WFA cardiomyocytes or skeletal myofibers that were positive relative to the number of laminin-a2-stained muscle fibers ( Figures 4A and  4B ) and also quantified AAV vector biodistribution (Figures 4C and 4D) and GALGT2 mRNA induction ( Figure 4E ). GALGT2-induced glycosylation was very high in the heart at 1 month posttreatment when the highest dose was used (95% of all cardiomyocytes), while skeletal muscles showed a lower overall extent of glycosylation ( Figure 4A ). Skeletal muscle glycosylation at the highest dose ranged from 40%-50% in the diaphragm, biceps, and intercostal to 15%-20% in the trapezius, triceps, and quadriceps femoris, with the gastrocnemius, tibialis anterior, and gluteus maximus showing an intermediate level of transduction (20%-30%; Figure 4A ). The extent of glycosylation in heart and in skeletal muscles, however, was increased when muscles were analyzed at 3 months post-treatment ( Figure 4B ). At this time point, all skeletal muscles now showed 30%-50% positive staining for WFA at the highest dose (4.3 Â 10 14 vg/kg) and showed increased glycosylation at the dose of 1.4 Â 10 14 vg/kg relative to expression at 1 month. Staining exceeded 20% of all myofibers at 3 months for the dose of 1.4 Â 10 14 vg/kg in the diaphragm, intercostal, biceps brachii, gastrocnemius, tibialis anterior, quadriceps femoris, gluteus maxiumus, and trapezius muscle, a level of transduction previously shown to elicit significant protection against muscle membrane damage. 5 In addition, all skeletal muscles tested and heart showed increased glycosylation at the dose of 4.8 Â 10
13 vg/kg at 3 months relative to 1 month. Thus, the kinetics of glycosylation induced by GALGT2 was slow, showing increased numbers of muscle cells stained with WFA at 3 months relative to 1 month of treatment.
Biodistribution studies of AAV vector genomes (vgs) in skeletal muscle at 1 ( Figure 4C ) and 3 ( Figure 4D ) months post-treatment showed a clear dose-response relationship in all skeletal muscles, increasing from 10 3 vg/mg genomic DNA at the dose of 5.2 Â 10 12 vg/kg to greater than 10 5 vg/mg at the dose of 4.3 Â 10 14 vg/kg. We performed GALGT2 gene expression studies in diaphragm, gastrocnemius, and heart at 1 and 3 months post-treatment ( Figure 4E ). These measures were normalized to endogenous mouse Galgt2 expression in mock-treated muscles receiving only buffer. It is important to remember that endogenous mouse Galgt2 expression is confined to only neuromuscular and myotendinous junctions in adult skeletal muscles; 10, 11 therefore, expression of endogenous Galgt2 mRNA is very low. This makes the levels of induction accordingly quite high, as shown previously. 7, 20 Again, there was a clear dose-response relationship to induction of GALGT2 mRNA expression in all instances, with a maximal fold induction in diaphragm, gastrocnemius, and heart of 2,000-fold or more at 4.3 Â 10 14 vg/kg. In almost all instances, gene expression at various doses was increased at 3 months versus 1 month, mirroring what was seen for vector biodistribution ( Figures 4C and 4D) . Last, we compared fold induction of GALGT2 mRNA to vector genomes present for all doses tested in heart, diaphragm and gastrocnemius ( Figure 4F ). This showed a clear correlation between the two measures (R 2 = 0.91).
GALGT2-Induced Muscle Glycosylation and GALGT2 Glycan Binding Are Increased for Human Sialic Acid Glycoforms
As GALGT2 requires a sialylated glycan as a substrate for enzymatic activity, 23 we wanted to understand whether the deletion of Cmah, which modifies CMP-N-acetyl-neuraminic acid (CMP-Neu5Ac) to make CMP-N-glycolyl-neuraminic acid (CMP-Neu5Gc), 24, 25 would alter GALGT2-induced glycosylation in skeletal muscle. The Cmah À/À mice used here were crossed onto a pure C57BL/6J background (>15 generations), making wild-type C57BL/6J mice an otherwise isogenic control. Mice express a functional Cmah gene, as do almost all other living mammals, and this leads to the biosynthesis of sialic-acid-containing glycans with either N-glycolyl-neuraminic acid (Neu5Gc) or N-acetyl-neuraminic acid (Neu5Ac) as their form of sialic acid, about a 50:50 mix in skeletal muscle. 25, 26 Humans, by contrast, lack a functional CMAH gene and, therefore, make Neu5Ac but not Neu5Gc, a genetic change that occurred approximately 2-3 million years ago after early humans evolved from the great apes. 27 As such, human GALGT2 28 may bind Neu5Ac, a human sialic acid, better than Neu5Gc, a non-human sialic acid, much as has been shown for other human sialic-acid-binding proteins. 29, 30 To assess this, we generated an IM dose-response curve in the tibialis anterior muscle of young adult (8-week-old) C57BL/6J and Cmah À/À mice ( Figure 5A ). We compared rAAVrh74.MCK.GALGT2 and Figure 5B ). The MHCK7 promoter induced more GALGT2 gene expression in skeletal muscle than the MCK promoter did (Figures 5A and 5B), consistent with previous studies. 31 We next compared the binding of recombinant mouse Galgt2 or human GALGT2 protein to sialyl-N-acetyllactosamine (SNL), a known glycan substrate for GALGT2, in its Neu5Ac or Neu5Gc glycoform ( Figure 5C ). Here, we performed only 2 experiments per condition, as biotinylated glycans were in limited supply. We also compared the binding of these proteins to N-acetyllactosamine (Galb1,4GlcNAcb-, NL), Gala1,3Galb1,4GlcNAcb-(GalNL), and Galb1,4GlcNAcb1,3Galb1,4GlcNAcb-(diNL), all of which lack sialic acid, as controls, as well as the CT glycan (GalNAcb1,4 [Neu5Aca2,3]Galb1,4GlcNAcb-, CT), the product of GALGT2 enzymatic activity. 23, 28 Both mouse and human GALGT2 showed equivalent binding to 3 0 SNL(5Ac), but mouse Galgt2 protein showed more than twice the level binding to 3 0 SNL(5Gc), while human GALGT2 bound 3 0 SNL(5Gc) more poorly. Thus, human GALGT2 preferentially bound the 3 0 SNL, a known substrate 23 when Neu5Ac was present, which is the sialic acid glycoform present in humans. 27 Both human GALGT2 and mouse Galgt2 protein bound a2,6-linked SNL (5Gc), which can also be a GALGT2 substrate, 32 but again, mouse Galgt2 bound the Neu5Gc form more than the Neu5Ac form, while human GALGT2 bound these two structures equally well. Neither human GALGT2 nor mouse Galgt2 protein showed appreciable binding to www.moleculartherapy.org NL or GalNL, as expected, as GALGT2 recognizes sialylated glycan substrates; 23, 28 however, mouse Galgt2 also bound CT glycan as well as diNL, while human GALGT2 bound these glycans poorly, if at all. We also compared binding of the same glycans to recombinant forms of the G1-G5 domains of mouse laminin a2, a4, or a5 or the muscle or neural G2-G3 domains of rat agrin ( Figure 5D ). Binding of glycans to all of these proteins mimicked their binding pattern to mouse Galgt2.
Toxicity Study of i.v. Systemic rAAVrh74.MCK.GALGT2 Treatment of C57BL/6J Mice
We next undertook a toxicity study in collaboration with the Animal Resources Core at Nationwide Children's Hospital. 7 mice were used per condition to ensure meeting the required Food and Drug Administration (FDA) standards for gene therapy based on our previous experience. 8-week-old C57BL/6J male mice were weighed, randomized into a control vehicle cohort and a test article (rAAVrh74.MCK. GALGT2) cohort, and dosed at 4.3 Â 10 14 vg/kg (using a linear DNA standard). Each cohort was further randomized into two cohorts based on euthanasia time points, 4 or 12 weeks post-treatment, to yield four groups: group 1, vehicle only at 4 weeks post-treatment; group 2, test article at 4 weeks post-treatment; group 3, vehicle only at 12 weeks post-treatment; and group 4, test article at 12 weeks post-treatment (Table S1 ). Investigators performing measures were blinded to the treatment groups and to the test agent. Body weights of mice within each cohort were within 20% of the mean population at the start of the study. Because of the very large i.v. dose given, mice had to be injected 3 times, with each injection spaced 2-4 h apart. Injections were done in the lateral tail vein, with 200-250 mL of the volume used for each injection. Mice were observed daily for clinical signs, including small size, weakness, dermatitis, masses, swelling, ocular issues, wounds, malocclusions, hydrocephalus, and mortality (Table S2) . No clinical signs were noted in any group, but one mouse treated with vehicle only died during a bleeding procedure at week 11. Body weights were measured weekly (Table S3 ). All groups showed normal gains in body weight by the time of necropsy that did not have a statistically significant difference between vehicle and treatment groups.
Hematology and Serum Chemistry Measures
Blood cell measures were within the normal range for all groups, though white blood cell counts were significantly elevated in both groups 2 and 4, relative to groups 1 and 3, respectively (Table  1) . Serum chemistries showed one significant treatment-related change, elevated alkaline phosphatase (ALP) activity, both in group 2 versus 1 and group 4 versus 3 comparisons (Table 2 ; p < 0.001 for both comparisons). Both of these treatment-related elevations were outside the normal range. The only other measure outside the normal range was serum creatine kinase (CK) activity (all groups). This may have resulted from the surgery done to perform a cardiac puncture to collect blood at the time of euthanasia. Interestingly, serum CK for treatment group 4 (treated) was significantly lower than for group 3 (vehicle) (p < 0.05), perhaps expression, were given an intramuscular injection of rAAVrh74.GALGT2 using the MCK or MHCK7 promoter, as indicated, in the tibialis anterior muscle. (A and B) Muscles were analyzed at 12 weeks after treatment for WFA staining of GALGT2-induced glycosylation (A) or GALGT2 gene expression (B). Biotin-PAA-conjugated glycans were assayed for binding to recombinant human GALGT2 or mouse Galgt2 (C) or to recombinant G1-G5 domains of mouse laminin a2 (LAMA2), laminin a4 (LAMA4), or laminin a5 (LAMA5), or to recombinant G2-G3 domains of muscle-(z0) or nervespecific (z8) splice forms of rat agrin (AGRN). (D) Glycans used were Neu5Aca2,3Galb1,4GlcNAcb-SpNH-PAA (3 0 SNL 5Ac), Neu5Gca2,3Galb1,4GlcNAcb-SpNH-PAA
Galb1,4GlcNAcb1,3Galb1,4GlcNAcb-SpNH-PAA (diNL), and Gala1,3Galb1,4GlcNAcb-SpNH-PAA (GalNL), where Neu5Ac is N-acetyl-neuraminic acid, Neu5Gc is N-glycolylneuraminic acid, Gal is galactose, GlcNAc is N-acetylglucosamine, and GalNAc is N-acetylgalactosamine. Error bars represent SEM for n = 10 animals per condition in (A) and (B). Error bars represent SD for n = 2 or per group in (C) and (D), respectively. *p < 0.05; **p < 0.01; ***p < 0.001.
indicating a prevention of muscle membrane damage by the test agent, as in previous studies. 5 All other differences, if present, involved values within the normal range for the measure in question. Because elevated ALP activity, in the absence of elevated aspartate transferase (AST) and/or alanine transferase (ALT) and/or gamma-glutamyltransferase (GGT), suggests a possible change in bone growth and/or bone pathology, we added serum calcium and phosphorus measures to the 12-week time point after seeing elevated ALP at 4 weeks. All such measures for groups 3 and 4 were within the normal range at 12 weeks.
We further investigated the elevated ALP readings in several ways. First, we measured serum ALP protein levels ( Figure S2A ) and serum ALP activity levels ( Figure S2B ) in response to the doses of rAAVrh74.MCK.GALGT2 used in the dose-response study. There was a 2-fold elevation in serum ALP protein levels at doses of 1.6 Â 10 13 vg/kg and above, while significant increases in ALP activity occurred at doses of 4.6 Â 10 13 vg/kg and above, reaching a 10-fold elevation. WFA precipitation of serum showed no impact of removing bGalNAc-containing serum proteins on elevated ALP protein concentrations or activity levels (data not shown). We also assayed ALP activity in the muscles and organs of 3 samples each from control group 3 and treatment group 4 and found no differences in any tissue analyzed (Table S4) . Thus, elevation in serum ALP levels did not arise from elevation of ALP activity in any of the tissues tested, including bone, liver, skeletal muscle, heart, kidney, lung, spleen, brain, spinal cord, pancreas, large or small intestine, stomach, testes, and lymph node.
Histopathology Evaluation
At the endpoint, mice were euthanized, and all organs were dissected, fixed, sectioned, and analyzed for organ histopathology. No visible organ pathology was evident at the time of dissection for any mouse. Bone weights and lengths were unchanged between control group 3 and treatment group 4 (Table S5) . No treatment-related microscopic findings were observed in sections of heart, skeletal muscle (gastrocnemius, quadriceps femoris, diaphragm, triceps brachii), liver, spleen, kidney, pancreas, lung, lymph node, digestive tract (stomach, jejunum, colon), brain, spinal cord, testes/epididymis, or bone (femur) (Table S6 ). Some incidental findings were found in both the treatment and vehicle control groups. In addition, at the 12-week time point, one test-article-treated animal (1932) had one focus of minimal (>0 and <5%) myofiber degeneration (characterized by a few fibers with centrally located nuclei and small profiles) associated with minimal inflammation (chiefly, mononuclear cells) in the gastrocnemius muscle. Another mouse given test article (1929) had one minimal mononuclear cell infiltrate in the quadriceps femoris muscle. In summary, treatment with AAVrh74.MCK.GALGT2 did not elicit significant microscopic changes in selected viscera and myofibers of multiple striated muscles at 4 and 12 weeks after i.v. administration, which indicates that this test article was well tolerated.
Biodistribution Studies
Quantitative PCR (qPCR) analysis showed the presence of rAAVrh74.MCK.GALGT2 vector genome DNA in all tissues harvested at necropsy for both the 4-and the 12-week time points (Table  3) . No positive signal was identified (<50 vg/mg genomic DNA) in any vehicle-treated control animals, either in cohort 1 (4 weeks) or cohort 3 (12 weeks). At 4 weeks post-treatment (cohort 2), we identified AAV vector genomes exceeding 1.7 Â 10 5 vg/mg, or 1 vg per nucleus, in all muscles tested (calculation based on assumption of 1.7 Â 10 5 nuclei per microgram of mouse genomic DNA). As shown by many investigators previously, liver was the most transduced tissue. Brain, large intestine, and testes, by contrast, were the only tissues at the 4-week time point transduced below 1.7 Â 10 5 vg/mg genomic DNA. There were no statistical differences of biodistribution in the following tissues/organs between AAV-treated groups 2 (week 4) and 4 (week 12): heart, spinal cord, small intestine, lymph nodes, and testis; however, there was a significant decrease in skeletal muscles, though transduction remained near or above 1.7 Â 10 5 vg/mg in all instances at the 12-week time point. This was in contrast to increased vgs at 12 weeks versus 4 weeks in the dose-response study ( Figures 4C and 4D) to the transduction of skeletal muscle. We did not assess the extent or distribution of AAV vg integration into the host mouse genome, but previous studies have shown that such integration effects do occur, albeit infrequently.
33,34
Immune Responses to rAAVrh74.MCK.GALGT2
Antibody titers to AAVrh74 capsid and GALGT2 protein were determined on serum samples from mice at week 4 and/or 12 weeks post-rAAV.rh74.MCK.GALGT2 administration (Table S7) . Vehicletreated mice were also assayed. Antibody titers of <1:100 were observed in all vehicle-treated control animals at both time points for rAAVrh74 capsid protein. In test-article-treated animals, antibody titers were 1:3,200 and 1:6,400 in group 2 (4 weeks post-treatment) and were as low as 1:3,200 in one sample and as high as 1:25,600 in 3 samples in group 4 (12 weeks post-treatment). This level of antibody production would be expected to inhibit muscle transduction by AAV, as we have previously shown that serum antibody titers of 1:800 to rAAVrh74 can block muscle expression of both micro-dystrophin and GALGT2 gene therapy when rAAVrh74 was used. 6, 20 No antibody titer was measured at <1:50 to GALGT2 protein in serum from rAAVrh74.MCK.GALGT2-treated mice at 12 weeks. Enzyme-linked immunospot (ELISpot) assay was done on splenocytes collected at the time of necropsy (Table S8 ). There were no positive cell-mediated immune responses to rAAVrh.74 capsid protein in samples from vehicle-administrated groups (groups 1 and 3) at either the 4-week or the 12-week time point. At the 4-week time point, less than half (43%) of the samples from the test-article-treated group (group 2) had transient positive immune responses to AAVrh74 capsid protein peptide pools 2 and 3, but there were no immune responses to capsid protein peptide pool 1. All the samples from the test-article-treated group at the 12-week time point (group 4) had no immune responses to AAVrh74 capsid. There were no positive cell-mediated immune responses to the GALGT2 protein in either vehicle-treated groups (groups 1 and 3) or test-article-treated groups (groups 2 and 4) at either the 4-week or 12-week time point.
DISCUSSION
In developing rAAVrh74.MCK.GALGT2 gene therapy for patients with DMD, we have adopted a stepwise approach to gene delivery that can be moved into clinical practice. This has involved moving from a single IM injection to ILI, to i.v. injection as the means of vector delivery. While we are currently testing rAAVrh74.MCK. GALGT2 in a phase 1/2a clinical trial in DMD patients using the ILI method (NCT: 03333590), the studies here provide a framework to amend the GALGT2 IND to move to systemic i.v. delivery even at very high doses. The current studies are the first to utilize the high doses of AAV that are needed to perfuse all skeletal muscles throughout the body plan, as the previous ILI studies focused only on the lower doses needed for isolated limb delivery. 5, 8 Such safety studies, coupled with our recent studies showing prevention of loss of cardiac function in mdx mice after i.v. delivery at similar doses, 9 provide a strong rationale for moving forward to systemic i.v. treatment.
We have learned five important things from this study. First, an i.v. dose of 1 Â 10 14 vg/kg, measured using a linear DNA standard, was sufficient to saturate (1 or more vgs per nucleus) cardiac and skeletal muscles throughout the body plan with AAV, while lower doses also showed significant transduction. While some vgs were lost over time in our toxicity study, which used a dose of 4.3 Â 10 14 vg/kg, all muscles here also remained at 1 vg per nucleus or greater levels at 3 months post-treatment. The same decrease between 1 and 3 months, however, was not found in muscles treated with rAAVrh74.MCK.GALGT2 in our dose-response study, suggesting that vector loss over time is not a uniform occurrence. Such variability in muscle transduction over time has also been seen in previous studies of rAAVrh74, where some muscles show a drop in vgs over the course of 3 months while others do not. 6, 20 Second, a dose of 4.3 Â 10 14 vg/kg was sufficient to stimulate GALGT2-induced glycosylation in most heart and skeletal muscle cells, while again, lower doses also showed significant glycosylation. The caveat here is that GALGT2-induced glycosylation occurred more slowly than induction of GALGT2 gene expression, which is maximal by 1 month post-treatment 2 . This is perhaps not surprising, as GALGT2 overexpression primarily induces the glycosylation of a-dystroglycan in skeletal muscle, a membrane protein 12 that can show very slow membrane turnover.
Third, GALGT2-induced muscle glycosylation studies in mice may underestimate glycosylation in human muscle. The GALGT2 enzyme glycosylates glycans containing a terminal sialic acid, 23, 28 and humans do not express the Neu5Gc form of sialic acid due to the presence of an inactivating deletion in the human CMAH gene. 27 Sub-saturating doses of rAAVrh74.MCK.GALGT2 and rAAVrh74.MHCK7. GALGT2 induced greater glycosylation in Cmah-deficient mouse muscles than in Cmah-expressing wild-type mouse muscles. Moreover, recombinant human GALGT2 protein bound a known glycan substrate for GALGT2, a2,3-linked sialyl-N-acetyllactosamine, only when Neu5Ac was present and not when Neu5Gc was present. Fourth, delivery of rAAVrh74.MCK.GALGT2 using a high i.v. dose yielded T cell and antibody responses akin to previous findings using the ILI and IM modes of delivery. 8, 20 There was a transient T cell response to two of three rAAVrh74 capsid peptide pools at 4 weeks post-treatment, but these responses were no longer present at 12 weeks. We have previously documented the induction of postnatal death 1 (PD1) and postnatal death ligand 1 (PDL1) expression in IM CD8+ T cells after rAAVrh74.MCK.GALGT2 treatment in rhesus macaques. 35 Induction of PD1 may help to induce T cell exhaustion after AAV delivery. 36 Fifth, we found no evidence (from analysis of blood cell counts, serum chemistries, or tissue histology) of any treatment-related safety concern (i.e., toxicity). The one possible exception here was that serum ALP activity was significantly elevated after 1 and 3 months of treatment. We could not, however, find elevated ALP activity in any organ or tissue to account for this finding.
Elevated serum ALP, in the absence of elevated AST, ALT, and GGT and in the absence of altered kidney biomarkers (blood urea nitrogen [BUN] , creatinine, and total protein) can suggest aberrant bone function-either increased bone growth or increased bone degeneration. However, we saw no elevation in serum calcium or phosphorus beyond normal levels, no change in bone length or weight, and no bone histology to suggest bone toxicity. In theory, increased GALGT2-induced muscle glycosylation might directly modify ALP, for example, with the CT glycan, and alter its turnover in serum, but WFA precipitation of serum did not reduce the elevated ALP activity in test-article-treated groups. It is also conceivable that GALGT2 expression in muscle induces the secretion of a muscle factor that stabilizes ALP in the serum or increases ALP activity. There are case reports of humans with elevated serum ALP where no physical findings were present, 37, 38 so elevated serum ALP may not necessarily reflect the presence of pathology. Indeed, ALP protein and gene therapy treatments-for example, for hypophosphatasia or as a reporter protein-can lead to above normal ALP readings that appear to have no detrimental effects.
39-43
The highest AAV dose we have used in this study, 4.3 Â 10 14 vg/kg, is obviously quite large and may not even be a feasible dose for clinical production with current Good Manufacturing Practice (GMP) methodologies. There are, however, three reasons why dosing rAAVrh74.MCK.GALGT2 in wild-type mice may yield an overly conservative estimate of the doses needed in DMD patients. First, the human GALGT2 enzyme shows more activity in mice with a humanized sialoglycome than it does in normal mice. As all humans lack a functional CMAH gene, 27 the increased glycosylation seen in Cmah À/À mice may portend increased potency in human muscles relative to mouse. Second, mice possess a means of capping GALGT2 substrates with glycans that are not even sialic acids; for example, aGal, which, again, differs from human muscle. 44 We show here that human GALGT2 cannot bind a1,3-Gal-linked N-acetyllactosamine, which is an aGal-capped version of sialyl-N-acetyllactosamine (which GALGT2 does bind). Third, the kinetics of GALGT2-induced glycosylation is slow in C57BL/6J mice, but it may be faster in DMD muscle, where protein turnover of GALGT2 substrates like dystroglycan likely occurs more quickly due to the absence of dystrophin. The biodistribution study at the 12-week time point showed >1 vg per nucleus of rAAVrh74.MCK.GALGT2 in the heart and in several skeletal muscles at a dose of 4.8 Â 10 13 vg/kg, which is about 10 times lower than the highest dose we used, but these muscles did not show a corresponding saturation in GALGT2-dependent glycosylation. Similarly, all muscles studied showed 1 or more vgs per nucleus of AAV at a dose of 1.4 Â 10 14 vg/kg, but again, with the exception of heart, none of these muscles were saturated for glycosylation. In dystrophic muscle, where proteins in the sarcolemmal membrane are being turned over more quickly, the newly glycosylated proteins may be able to better saturate the muscle membrane.
Previous studies have shown that GALGT2 can protect mdx mouse muscles even if only about 15%-20% of the muscle is glycosylated. 5 If one takes glycosylation in wild-type mice as the measure to define the minimally effective dose (MED), then one would say 1 Â 10 14 vg/kg is the MED, as this dose allowed for 15%-20% glycosylation in all muscles studied. If, however, one assumes that glycosylation in wild-type mice underestimates GALGT2 activity in DMD muscles for the aforementioned listed reasons, one might then use AAV vg transduction in 20% of the musculature to define the MED (or transduction with at least 3.3 Â 10 4 vg/mg genomic DNA). In that case, the MED would be 4.8 Â 10 13 vg/kg, the dose required to achieve 20%
transduction of all muscle nuclei in all muscles tested at the 3-month time point. This dose of 4.8 Â 10 13 vg/kg (1.3 Â 10 14 vg/kg, if assayed using a supercoiled DNA standard) is likely just below the highest dose currently being tested in the DMD (NCT: 03375164) and SMA (NCT: 02122952) clinical trials, which is 2 Â 10 14 vg/kg. Regardless, the use of doses as high as 4.3 Â 10 14 vg/kg (linear) in the current studies suggest that there may be a very high safety window for dosing in patients.
In conclusion, we have identified doses of rAAVrh74.MCK.GALGT2 that can accomplish high vector transduction and muscle glycosylation in heart and skeletal muscles with minimal or no microscopic organ toxicity and only expected immunological responses. Such studies support movement to systemic i.v. delivery of rAAVrh74.MCK.GALGT2 in muscular dystrophy patients.
MATERIALS AND METHODS
Animals
All animals were used in accordance with protocols approved in advance by the Institutional Animal Care and Use Committee at The Research Institute at Nationwide Children's Hospital and following guidelines in the Guide for the Care and Use of Laboratory Animals and the ARRIVE guidelines of NIH. C57BL/6J mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). Cmah À/À mice were a generous gift from Ajit Varki (University of California, San Diego). Mice were group housed (maximum, 4 adults per cage) in IVC micro-isolator cages and provided with pelleted chow and tap water (purified through reverse osmosis and UV disinfection) ad libitum. Environmental conditions were maintained at 72 F (±2 F), with humidity controlled between 30% and 70% on a 12-h:12-h light-dark cycle. Only male mice were used in this study, as DMD is an X-linked disease occurring almost entirely in boys. 21, 22 Recombinant AAV Production rAAVrh74.MCK.GALGT2 and rAAVrh74.MHCK7.GALGT2 were made using the triple transfection method in HEK293 cells. 45 All transgenes were human cDNA sequences. AAV was purified using iodixanol density separation and anion exchange chromatography as previously described. 45, 46 i.v. AAV Delivery
Mice were placed in a mouse tube restrainer (Braintree Scientific; Braintree, MA, USA) with the tail outside the tube. The injected region was prepped with povidone-iodine and 70% ethanol, after which AAV vector or AAV buffer was injected into the tail vein, usually in a volume of 200 mL and not exceeding a volume of 250 mL. To deliver the (linear) dose of 4.3 Â 10 14 vg/kg, three injections were required, which were each spaced 2-4 h apart and given on the same day. Titers for i.v. injections were measured using a linear DNA standard. Injected mice exhibited no abnormal clinical signs following any of the injections.
IM AAV Delivery
IM injections were given in the tibialis anterior muscle of wild-type (C57BL/6J) or Cmah À/À mice by direct injection in a volume of 25 mL, with control mice given AAV buffer alone in an identical volume. Doses of rAAVrh74.MCK.GALGT2 or rAAVrh74.MHCK7. GALGT2 given were in a total of 3.5 Â 10 9 vg, 3.5 Â 10 10 vg, or 14 vg/ kg rAAVrh74.MCK.GALGT2 (Research Grade lot TT452-1, measured using a linear DNA standard), and two groups were injected with an equivalent volume of AAV buffer alone (lot 020917DS-02). All mice received three injections, spaced 2-4 h apart, with a volume of no more than 200 mL per injection or less (except one animal that received one 212-mL injection). All mice weighed between 18 and 20 g at the time of injection. Mice were housed in the barrier facility at the Research Institute. Animals were observed once daily for signs of toxicity, including changes to skin, fur, eyes, mucous membranes, respiratory system, circulatory system, autonomic CNS, somatomotor activity, locomotor activity, and behavioral patterns. In addition, there was a once-daily assessment of moribundity and mortality. Body weights were collected weekly. Mice were bled via the facial vein/submandibular vein 1 week prior to necropsy. One control group and one AAV-treated group were euthanized at 4 weeks post-treatment, and one control group and one AAV-treated group were euthanized at 12 weeks post-treatment for collection of blood, serum, and selected organs for further analysis.
Blood Collection, Serum Separation, and Analysis Whole blood was collected by nicking the submandibular vein 1 week prior to euthanasia for all groups. From this, serum was separated, and certain serum chemistries were analyzed. At euthanasia, mice were anesthetized with ketamine/xylazine, and whole blood was isolated by cardiac puncture after dissection of the sternum, some of which was separated into serum and some of which was harvested in heparinized tubes for whole blood analysis. All blood and serum measures except ELISpot assays and anti-rAAVrh74 serum ELISAs were done by ANTECH GLP (Morrisville, NC, USA).
Histopathology Analysis
Organs were removed and fixed by immersion in neutral-buffered 10% formalin and given to the Biopathology Core at Nationwide Children's Hospital, which performed routine processing, sectioning, and mounting of thin sections on slides, followed by staining with H&E. For the 12-week treatment and control groups, the femur bones were also dissected and fixed by immersion in saline-saturated 10% formalin at room temperature for 24 h but were then decalcified for 5 days at room temperature in Rapid Cal Immuno (BBC Biochemical, Mount Vernon, WA, USA) prior to sending to the Biopathology Core for processing. Slides were evaluated by an American College of Veterinary Pathologists (ACVP) board-certified veterinary pathologist (B.B.) using a tiered, semiquantitative, scoring scheme (i.e., within normal limits or mild, moderate, or marked lesions) and a coded analytical strategy, i.e., analysis made without knowledge of the treatment ("blinded").
ELISA for Antibody Responses to rAAVrh74 Capsid Protein
96-well ELISA plates were coated with 2 Â 10 9 DRP of rAAVrh74 virus or were not coated as controls. Serum was added at 2-fold dilutions, beginning at a 1:100 dilution, to virus-coated and control wells for 1 h. Plates were then washed with PBS and incubated with antimouse IgG linked to horseradish peroxidase (HRP), washed, and developed and read as previously described. 6 Endpoint titer was calculated based on the reciprocal value of the last serum dilution to yield a signal 2-fold above background. A positive control serum from a mouse previously immunized with rAAVrh74.MCK.GALGT2 and a negative control from a mouse never given AAV were used in assays for all samples.
g-Interferon ELISpot Assay
Splenocytes were collected from the 4-week and 12-week treatment and control groups as previously described. 6 Isolated cells were counted, and a solution of 10 6 splenocytes per milliliter was used to seed the wells of a 96-well polyvinylidene fluoride (PVDF)-coated filter plate (Millipore, Burlington, MA, USA) with 2 Â 10 5 cells per well. Three pools of overlapping peptides comprising the entire sequence of the rAAVrh74 capsid protein, or two pools of peptides comprising the entire sequence of the GALGT2 protein, all 18 aa in length, were added at 0.2 mg to cells to assess T cell responses. 2 mg concanavalin A (ConA) was used as a positive control, and vehicle alone (DMSO) was used as a negative control. All assays were done in triplicate. After 36-48 h of incubation in a sterile cell incubator at 37 C with 5% CO 2 , cells were washed and developed for mouse g-interferon (U-Cytech). Positive cells were counted on a plate reader as previously described. 6, 20 Quantitative PCR TaqMan quantitative PCR (qPCR) was used to quantify the number of AAV vgs from genomic DNA extracted from snap-frozen, unfixed organ and muscle shavings and whole blood samples. All skeletal and cardiac muscles and all non-muscle organs studied for dose-response studies and for toxicity studies were analyzed. The QIAGEN DNeasy Blood and Tissue Kit was used to extract genomic DNA following the manufacturer's protocols. 100 ng genomic DNA was assayed by qPCR using primers specific to the AAV vector genome: forward, 5 0 -CCTCAGTGGATGTTGCCTTTA-3 0 ; probe, 5 0 -/56-FAM/AAA GCTGCG/ZEN/GAATTGTACCCGC/3lABVkFQ-3 0 ; and reverse, 5 0 -ATCTTGAGGAGCCACAGAAATC-3 0 . The pAAV.MCK.GAL GT2 plasmid was cut with Cla1 and purified for use as a linear DNA standard. This standard was measured between 50 and 5 million copies in logarithmic increments to generate a linear calibration, for which the Pearson correlation coefficient always equaled or exceeded 0.98. qPCR measures were done on an Applied Biosystems 7500 Sequence Detection System. Each sample was run in triplicate, and the values were averaged. Some samples were spiked with 100 copies of pAAV.MCK.GALGT2 standard and measured to ensure no quenching of signal by genomic DNA or by contaminants from the extraction procedure.
Measurement of relative transcription levels
Measures of human (GALGT2) and mouse (Galgt2) mRNA levels were done using the 2 ÀDDCT method with 18S rRNA as a reference standard, as previously described.
26,47
ELISA Assays of ALP Protein and Activity
To measure serum ALP activity, 10 mL serum was diluted into 190 mL assay mixture and developed using the QuantiChrom ALP Assay Kit (BioAssay Systems, Hayward, CA, USA) following the manufacturer's instructions. For some measures, 15 mL serum was first precipitated with 10 mL WFA bound to agarose (EY Laboratories, San Mateo, CA, USA). After 1 h of incubation, samples were centrifuged at 3,000 Â g for 3 min, and unbound supernatant was then compared to serum without WFA precipitation using the QuantiChrom ALP Assay Kit (BioAssay Systems, Hayward, CA, USA) following the manufacturer's instructions.
To measure ALP activity in tissues, tissue lysates were made at 4 C using lysis buffer containing 1% NP-40 in Tris-buffered saline (pH 7.4), with complete protease inhibitors (Sigma, St. Louis, MO, USA). Protein concentrations were determined using the Micro BCA Protein Assay Kit (Thermo Scientific Pierce, Rockford, IL, USA). A constant amount of 50 mg protein was measured using the QuantiChrom ALP Assay Kit (BioAssay Systems, Hayward, CA, USA) following the manufacturer's instructions. Serum ALP protein levels were measured using the Mouse ALP ELISA Kit (Biomatik, Cambridge, ON, Canada) following the manufacturer's instructions.
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